On the basis of the generalized eikonal approximation we study the exclusive reactionspd → J/ψ n andpd → ψ ′ n in vicinity of the thresholds for charmonium production on a free proton target. It is shown that the rescattering of the incoming antiproton and outgoing charmonium on the spectator neutron leads to a depletion of the charmonium production at low-and to an enhancement at high transverse momenta. This is in qualitative agreement with previous studies of hard proton knockout in proton-deuteron collisions. We analyze different physical sources of uncertainty which may influence the extraction of the total charmonium-neutron cross section.
INTRODUCTION
The nucleus may serve as a laboratory for studies of interactions of exotic hadrons with nucleons. In this way, one may test the underlying QCD structures of these particles and explore the dynamics of transient quark-gluon configurations. Especially interesting are cc states, i.e. charmonia. Their size is small, and thus at high momenta the interaction cross section with nucleons can be described by the convolution of the pQCD-calculable color-dipole-nucleon cross section with the cc wave function which effectively incorporates non-perturbative QCD effects [1, 2] . A small-sizepair interacts with the nucleon with a total cross section which is approximately proportional to the squared size of the pair.
For example, the Cornell potential gives the r.m.s. distance between c andc of 0.376 fm for J/ψ(1S) and 0.760 fm for ψ ′ (2S), while the calculated charmonium-nucleon total cross sections are 3.62 mb for J/ψ and 20.0 mb for ψ ′ [1] . Thus, obtaining the information on the charmonium-nucleon total cross section would allow to test the size of the charmonium.
Moreover, the knowledge of the charmonium-nucleon dissociation (or absorption) cross sections is an important ingredient for studies of charmonium suppression in a quark-gluon plasma [3, 4] .
The phenomenological values of the J/ψN absorption cross section range from 3.5 ± 0.8 mb determined from the A-dependence of J/ψ photoproduction at E γ = 20 GeV [5] to 6 − 7 mb from proton-and nucleus-nucleus collisions [6, 7] . These analyses rely on a Glauber model description of J/ψ absorption. For the kinematical conditions of S+Au collisions at E lab = 200 A GeV, the analysis of ref. [8] concluded the absorption cross sections σ abs J/ψN = 5.68±1.92 mb and σ abs ψ ′ N ≃ 4σ abs J/ψN . However, it is not obvious whether at these high-energy experiments the produced charmonium states interact with their "normal" hadronic cross sections or with reduced ones due to color transparency (CT) effects. Moreover, at high energies J/ψ mesons may be produced in decays of higher charmonium states. The possibility of non-diagonal ψ ′ N → J/ψN transitions [9] even more complicates the interpretation of J/ψ production at high energies.
The study of J/ψ production in antiproton-induced reactions on nuclei close to the threshold for thepp → J/ψ process on a free proton has been suggested to be ideal for the extraction of the J/ψN cross section [10] [11] [12] . Due to small size of the charmonium, the multiple gluon exchanges with the target nucleon -ultimately leading to the non-linear QCD be-haviour -are likely to be suppressed even at relatively low energies (see, for example, refs. [9, 13] where the slope of the momentum dependence of elastic J/ψN cross section has been evaluated using the two-gluon exchange). Thus, the charmonium produced in thepp → J/ψ channel is expected to be slow enough for the formation length effects to be almost negligible, but energetic enough for pQCD to be applicable for the description of its interaction with a nucleon.
On the other hand, the information on the J/ψN cross section at the charmonium momentum of a few GeV/c would be helpful for testing different theoretical approaches as there are currently no established one for such momenta. Predictions of different approaches are strongly spread. The scattering length and range extracted from the lattice QCD calculations [14] give the J/ψN elastic cross section growing up to ≃ 50 mb at threshold √ s = m N + m J/ψ = 4.035 GeV 1 . Semiphenomenological QCD models [1, 2, 9, 13] produce quite slowly increasing total cross section with √ s. The parameterization of ref. [9] gives σ J/ψN = 3.2 mb at J/ψN threshold. In the meson-exchange model [15] , the J/ψN dissociation cross section is calculated as a sum of partial cross sections producing a peak of ≃ 2.3 mb near √ s = 4.5 GeV due to theDΛ c andD * Λ c contributions on the top of monotonically increasingDDN contribution. The meson-exchange calculations of ref. [16] are restricted by theDΛ c andD * Λ c outgoing channels whose partial contributions are sharply peaked close to respective thresholds and quickly drop at larger √ s. The values at the peaks are 2-8 mb forDΛ c and 0.2-2 mb forD * Λ c , depending on coupling constants and cutoffs.
The coupled-channel calculations of ref. [17] indicate the dynamically-generated resonance peak of ≃ 8 mb in the σ inel J/ψN close to √ s = 4.415 GeV. In the coupled-channel calculations of ref. [18] employing the heavy quark spin symmetry, the total J/ψN cross section has three dynamically-generated resonance peaks at 4.262 GeV, 4.410 GeV and 4.481 GeV for J = 1/2 and at 4.334 GeV, 4.417 GeV and 4.481 GeV for J = 3/2. Remarkably, the peak at 4.481 GeV appears for the both values of the total angular momentum and is quite close to √ s = 4.479 GeV for the J/ψ produced by app → J/ψ collision.
In this work, we theoretically study J/ψ and ψ ′ production inp-deuteron interactions at beam momenta close to production thresholds on a free proton (p thr = 4.07 GeV/c and 6.23
GeV/c, respectively). We also study the open charm production cross sections due to the charmonium dissociation, i.e. the sum of Λ cD + X and DD + X inclusive cross sections, 1 We are grateful to J. Haidenbauer for pointing us to this result.
which is evaluated as the difference between the integrated charmonium production cross sections without and with charmonium rescattering. The main purpose is to find kinematical conditions and observables having the largest sensitivity to the charmonium-neutron cross
The deuteron has the simplest wave function among all complex nuclei and thus serves as a clean testing ground for the theoretical models that can be extended to heavier targets in the next step. All effects due to particle rescattering, i.e. the initial and final state interactions, are present for the deuteron target although being reduced as compared to heavier targets. The reactionspd → Φn, Φ = J/ψ, ψ(2S), ψ(3770), χ c2 have already been considered in ref. [19] taking into account elastic rescattering of the charmonium on the neutron. The authors of ref. [19] concluded that the elastic ΦN scattering governs the Φ production at p t > 0.4 GeV/c. We confirm this conclusion. However, the summation of partial amplitudes has been performed incoherently and the antiproton elastic rescattering on the neutron prior to thepp → Φ transition has been neglected in ref. [19] , which did not allow to address the nuclear absorption. In contrast, we sum the amplitudes coherently and demonstrate that the antiproton rescattering is important both at small and large transverse momenta of the charmonium leading, respectively, to a depletion and an enhancement of the charmonium yield. In refs. [19, 20] the open charm meson production channelspd → D − D 0 p have been considered above the threshold for thepn → D − D 0 (p thr = 6.43 GeV/c) focusing on the effects of the Dn elastic rescattering. Although we do not specifically address DD production, our results on the open charm production could also serve as a benchmark for possible future studies of the subthreshold DD production inpd collisions.
The structure of the paper is as follows. The theoretical model is described in sec. 2.
Sec. 3 includes the formulas for the differential cross sections and nuclear transparency ratio.
Sec. 4 contains the numerical results of calculations of the differential cross sections of the charmonium production, transverse momentum dependence of the transparency ratio, and integrated cross sections of charmonium and open charm production. In sec. 5, the expected event rates at PANDA are estimated. Finally, the summary and conclusions are given in sec. 6.
2 The J/ψN and ψ ′ N elastic cross sections are expected to be on the level of 10% of the respective total cross sections [9] . Thus, we do not distinguish between the total and absorption/dissociation charmoniumneutron cross sections, although, formally, the total cross section enters in the expression for the elastic scattering amplitude, cf. Eq.(31) below.
Feynman diagrams for the processpd → ψn. The wavy lines denote elastic scattering amplitudes.
THE MODEL
We employ in our calculations the generalized eikonal approximation to the multiplescattering theory [21] [22] [23] [24] [25] . Since J/ψ and ψ ′ have the same quantum numbers
all model formalism below is identical for the both charmonia. Thus, below "ψ" will denote both J/ψ and ψ ′ unless specific states are addressed.
We take into account the impulse approximation (IA) diagram of 
where M ψ;pp (p ψ , pp) is the invariant amplitude of the transitionpp → ψ and m is the nucleon mass. The deuteron vertex function Γ d→pn (p d , p n ) is related to the deuteron wave function (DWF) in momentum space (cf. refs. [22, 26] ):
where E n = p 2 n + m 2 is the neutron energy, m d is the deuteron mass, E p = m d − E n is the proton energy, and p p = −p n is the proton momentum in the deuteron rest frame. Thus, we have
The invariant amplitude with ψ rescattering on the neutron (Fig. 1b) can be written as
where M ψn (t) is the ψn elastic scattering amplitude, t = k 2 with k = p n − p ′ n being the four-momentum transfer to the neutron. The integration contour over dp ′0 n can be closed in the lower part of the complex plane where only the particle pole of the neutron propagator contributes. This leads to the following expression:
where
The inverse propagator of ψ can be rewritten as (cf. similar case of the knockout nucleon, Eqs. (38) , (39) , (40) in ref. [24] )
Using the mass-shell condition for the outgoing ψ,
we obtain
where we neglected the neutron Fermi motion.
Using the coordinate representation of the ψ-propagator,
the relation between the DWFs in momentum and coordinate space,
with r = r p −r n , and setting the intermediate ψ on the mass shell in the elementary transition matrix element M ψ;pp allows to perform the integration over dp ′z n in Eq.(5) analytically which gives:
The comment is in order here with regard to the accuracy of Eq. (12) . The matrix element (40) below) is of the order of 1% at small p ψt (where the uncertainty is due to interference of IA and rescattering amplitides) and grows to ∼ 20% at p ψt = 0.6 GeV/c (where the uncertainty is due to the squared rescattering amplitudes).
Finally, we apply the quasifree approximation in the hardpp → ψ transition amplitude replacing p ′ ψ → p ψ which allows to factorize it out. Then, after integration over azimuthal angle φ k t in Eq. (12), we come to the following expression:
where J 0 (x) is the Bessel function of the first kind.
The invariant amplitude withp rescattering, Fig. 1c , is more conveniently written as an integral over four-momentum of the intermediate proton:
where Mp n (t) is the antiproton-neutron elastic scattering amplitude. Performing the contour integration over dp ′0 p in the lower part of the complex plane, where only the particle pole of the proton propagator contributes, we obtain:
with p
The inverse propagator of the intermediate antiproton can be expressed as
Here, in the last step we neglected the neutron Fermi motion. By performing the integration over dp ′z n in Eq. (15) and using Eqs. (10), (11) we obtain the following expression:
Finally, we again apply the quasifree approximation in the hardpp → ψ transition amplitude by replacing p ′p → pp in it and perform the integration over φ k t in Eq. (18) which gives:
Note that ∆ 0 ψ = ∆ 0 p = E n − m in the limit of high antiproton energy. Thus, the propagators of the intermediate ψ andp have poles for p
This reflects the conservation of the p − n component of the neutron four-momentum which is a generic feature of high-energy elastic scattering [21, 24] .
We used the coordinate space wave functions in order to include CT effects as it will be discussed below in sec. 2.2. However, without the CT effects, it is also possible to perform the integration over dp ′z n in Eqs. (5) and (15) with the linearized inverse propagators (8), (16) by closing the integration contour, respectively, in the upper and lower parts of the complex plane and taking the residues at the poles of the DWF (cf. Appendix A in ref. [22] ). This leads to the following expressions for the rescattering amplitudes:
nt . Here, we used the parameterization of the DWF originally proposed for the Paris potential model [27] :
with the spin tensor operator
and χ M being the eigenfunction of the spin = 1 state with spin projection M = 0, ±1.
In numerical calculations, Eqs. (20), (21) produce indistinguishable results as compared to Eqs. (13), (19), respectively. However, without CT effects, the numerical calculations are much faster with Eqs. (20), (21) . This allowed us also to check the validity of the quasifree approximation, which turned out to be working quite well (accuracy of ∼ 3 − 15% in the transparency ratio at large transverse momenta, cf. solid and dotted lines on Figs. 5a,6a below).
Elementary amplitudes

2.1.1.pp → ψ
In order to describe thepp → ψ transition amplitude, we will apply the effective Lagrangian with couplings of the Dirac (γ µ ) and Pauli (σ µν ) type [28] :
where N is the nucleon field, ψ µ is the ψ field, and
amplitude of thepp → ψ transition is thus expressed as
with p ψ = pp + p p and ε (λ)µ being the ψ four-momentum and polarization four-vector, respectively. They satisfy the orthogonality and normalization conditions p ψ ε (λ) = 0 and
For the Dirac spinors, the orthogonality and normalization conditions
We use the spin basis wave functions throughout the paper. Thus, λp = ±1/2, λ p = ±1/2 and λ = 0, ±1 denote the spin projections on the z-axis (along thep beam direction) for the antiproton, proton and ψ, respectively.
The coupling constant κ is fixed by the condition that the angular distribution of
where the parameter α is expressed as (see ref. [28] )
with m ψ being the charmonium mass, and
the Sachs-type formfactors. The coupling constant g is fixed by the total charmonium width Γ and the branching fraction B(ψ →pp) as expressed by
The input phenomenological parameters and the determined values of the coupling constants are collected in Table I .
TABLE I. The coupling constants κ and g of the effective Lagrangian (25), total width Γ, branching fraction B(ψ →pp), and the anisotropy parameter α for J/ψ and ψ ′ . The value of κ for ψ ′ is obtained by setting α = 1.
J/ψ -0.089 1.79 · 10 −3 92.9 ± 2.8 (2.121 ± 0.029) · 10 −3 0.595 ± 0.012 ± 0.015 [29, 30] ψ ′ -0.259 1.35 · 10 −3 294 ± 8 (2.88 ± 0.10) · 10 −4 1.03 ± 0.06 ± 0.03 [30, 31] Figs. 2a,b show the imaginary part of matrix element, Eq. (26), plotted vs z-component of proton momentum 3 . The proton energy is determined as E p = m d − p 2 p + m 2 , i.e. according to the kinematics of the amplitude with charmonium rescattering (Fig. 1b) . At 
where |B 0 | 2 and 2|B 1 | 2 are the probabilities to produce ψ with helicities 0 and ±1, respectively, in an unpolarizedpp collision, with a normalization condition being
In the last step of Eq. (29), we used the parity relation for helicity amplitudes (see Eq. (13) in ref. [33] ). The values of the anisotropy parameter α in Table I can be also obtained from the following relation (cf. ref. [32] ):
where R = 0.887 for J/ψ and R = 1 for ψ ′ .
ψn → ψn
We assume that elastic scattering does not change the spin projections of the scattered charmonium and neutron. For small momentum transfers, where the spin flip amplitude is known to be small, this approximates the conservation of particle helicities in the ψn c.m.
frame, as the spin quantization axis is chosen along thep beam momentum 4 .
The amplitude of charmonium elastic scattering on the neutron is assumed to be spinindependent and can be expressed as
Here ρ ψn = ReM ψn (0)/ImM ψn (0). Phenomenological information on the parameters σ 
2.1.3.pn →pn
The invariant amplitude of antiproton-neutron elastic scattering is also assumed to conserve particle helicities and described by the expression
The parameters σ tot pn and Bp n are chosen to be equal to the correspondingpp parameters according to ref. [34] . However, in the present work, we fix ρp n = 0.05 which better agrees with phenomenological values of ρp p at beam momenta of 4-6 GeV/c [30] . As in the case of ψn elastic scattering, we use the simplification that the spin projections on the beam axis are not changed inpn elastic scattering. 4 The results for the differential cross sections in the quasifree approximation applied in our calculations are anyway insensitive to either helicity-or spin projection conservation in elastic rescattering, because in this approximation the DWF is projected on the spinor of final state neutron.
Color transparency effects
We intend to include CT effects on the amplitude level in the spirit of ref. [21] . Point-like configurations (PLCs) participating in a hard collision interact with nucleons with reduced strength. Since a PLC is squeezed in coordinate space, its formfactor in the momentum space expands. Thus, the slope of the momentum-transfer dependence of the elastic scattering amplitude of a PLC on a nucleon gets less steep. However, at moderate energies, which are the subject of our present study, the PLC expands and reaches the normal hadronic size within the nuclear target already. The latter effect can be accounted for within the quantum diffusion model (QDM) [35] .
According to the QDM, the effective interaction cross section of a charmonium with a nucleon is expressed as
where |z| is the distance traveled by ψ from the hardpp → ψ interaction point. The charmonium coherence lengths can be estimated as
as suggested in ref. [1] . The initial squeezing factor n 
where the antiproton coherence length is
with ∆M 2 = 0.7 GeV 2 , np = 3, and k 2 pt = 0.35 GeV/c. In the elasticpn scattering amplitude, only the antiproton enters as a PLC, and hence only the formfactor from thep side of the amplitude gets modified due to CT. This effect can be described by multiplying thepn scattering amplitude by the ratio
where G N (t) = 1/(1 − t/0.71 GeV 2 ) 2 is the Sachs electric formfactor of the proton in the dipole approximation.
OBSERVABLES
The invariant differential cross section ofpd → ψn process is expressed as
is the flux factor. In the deuteron rest frame, the transverse momentum differential cross section of exclusive ψ production can be calculated as follows:
To obtain Eq.(40), we neglected backward charmonium production in thepd c.m. frame, since this process is strongly suppressed by the DWF in the IA calculation, and by the elastic scattering amplitudes in the calculation beyond IA. This results in a unique value of the longitudinal momentum p z ψ for a given transverse momentum p ψt . In actual numerical calculations, the region of charmonium transverse momenta, where the cross section is nonzero, is restricted by the condition of a time-like struck proton in the IA amplitude 5 .
In order to characterize the longitudinal motion of the charmonium, it is convenient to use the (longitudinal boost invariant) light cone momentum fraction of the colliding antiproton and proton at rest carried by the charmonium:
5 Otherwise it is impossible to construct the Dirac spinor of the struck proton in the matrix element of thē pp → ψ transition, Eq.(26).
The differential cross section in the variable α ψ is expressed as:
To better see the effects of rescattering we also introduce the transparency ratio as
Thus, the transparency ratio is identically equal to 1 for the IA calculation, i.e. when both M (b) and M (c) are set to zero. Below, for brevity, we will call the calculation with M (b) set to zero as the calculation 'withp rescattering', and the full calculation -as the calculation 'withp and J/ψ(ψ ′ ) rescattering'.
NUMERICAL RESULTS
The DWF is the most important ingredient in our calculations. It has been calculated in various approaches, e.g. Paris potential [27, 36] choice. In some selected cases, in order to see the sensitivity to the high-momentum part of the DWF, we will also display the results obtained with the CD-Bonn potential. Fig. 3a shows the transverse momentum differential cross section of J/ψ production at p lab = 4.07 GeV/c. In the case of IA, the cross section drops quickly with p ψt due to the DWF being quite narrow in momentum space. The effect of thep rescattering is the reduction of the cross section at small and an enhancement at large transverse momenta of the charmonium. This is expected, since the elastic rescattering should increase the transverse momentum of a scattered particle. J/ψ rescattering influences the transverse momentum differential cross section of J/ψ production in a similar way, but much more weakly, since the J/ψ n cross section is quite small. The introduction of CT partly compensates the effect of rescattering. We have checked that the CT effect is almost entirely caused by the reducedpn cross section within the antiproton coherence length, while the reduced J/ψ n cross section practically does not influence the results due to the smallness of the J/ψ coherence length.
As shown in Fig. 3b , in the case of ψ ′ production at p lab = 6.23 GeV/c, thep rescattering acts in a similar way as in the case of J/ψ, but the ψ ′ rescattering has a much larger relative effect due to a larger ψ ′ n cross section. The CT effect is also stronger for ψ ′ production, mostly due to the larger beam momentum. Note that the CT effect tends to disappear at large transverse momentum of the charmonium. This can be traced back to the modification of the Sachs electric formfactor of the proton due to CT, as expressed by Eq. (38) . Thus, with increasing |t| an overall reduction of thepn scattering amplitude due to σ ef pN is partly compensated by the factor R > 1. to ∼ 20% increase of the transparency ratio at large transverse momenta.
From Fig. 5b , we observe that CT reduces the rescattering effects at high transverse momenta by the same amount the J/ψ rescattering enhances them. At low transverse momenta, CT acts even much more strongly than the J/ψ rescattering does. Thus, the shape of the transverse momentum dependence of the J/ψ transparency ratio at p ψt < 0.2 GeV/c is mostly sensitive to the CT effects.
In Fig. 5c , we compare the J/ψ transparency ratios calculated with the Paris and CDBonn DWF. At large transverse momenta the results become uncertain due to the DWF.
The calculation with the DWF of CD-Bonn potential leads to larger T -values at large p ψt .
This is a consequence of the reduced deuteron momentum distribution at large momenta for the CD-Bonn DWF, which results in the reduced cross section at large p ψt in the IA calculation leading to a relatively larger contribution of the rescattering. However, there is a remarkable independence of T at low transverse momenta on the DWF: at p ψt < 0.2 GeV/c the calculations with DWFs of Paris and CD-Bonn potentials are almost indistinguishable.
As displayed in Fig. 6a for ψ ′ production, ψ ′ rescattering leads to more pronounced changes in the transparency ratio. At large transverse momenta, T increases by about a factor of three due to the ψ ′ rescattering. However, T at high transverse momenta is quite strongly sensitive to CT (Fig. 6b) and to the DWF (Fig. 6c) . In the absorption region (p ψ ′ t < 0.2 GeV/c), the transparency ratio for ψ ′ shows a stronger variation with the charmonium-neutron cross section than in the case J/ψ production. (This is of course not surprising because the range of expected values of the cross section is larger for ψ ′ .)
For example, at p ψ ′ t ∼ 0.2 GeV/c the T -value drops by 30% when σ ψ ′ n is increasing from 0 to 20 mb. However, CT has a comparable effect with the variation of the ψ ′ n cross section at small transverse momenta. Further modifications have no effect at small p ψ ′ t .
For example, changing the slope parameter of the momentum dependence of the ψ ′ n cross section B ψ ′ n from 3 GeV −2 (default value) to 6 GeV −2 , does not affect the transparency ratio at low transverse momenta. We have also checked that the transparency ratio is stable with respect to the variation of the ratio of real-to-imaginary parts of the forward scattering amplitude ρ ψn in the range 0 − 0.4 in the total considered transverse momentum range.
The integrated charmonium production cross sections are shown in Fig. 7 section is small, the integrated cross sections of charmonium production are very weakly sensitive to these effects. Antiproton rescattering reduces the J/ψ and ψ ′ production cross sections by ∼ 10% at the peak, while the effect of charmonium rescattering is the reduction of the peak cross section for J/ψ (ψ ′ ) by ∼ 0.6% (∼ 3%).
On the basis of simple probabilistic arguments, it is possible to evaluate the open charm production cross section in the region of beam momenta where this process is dominated by the dissociation of J/ψ produced in the quasifreepp → J/ψ process, i.e. at p lab ≃ 4.07
GeV/c. In this case, the produced J/ψ may only disappear in nuclear strong interactions in reactions J/ψ n → Λ cD + up to 3 pions (see discussion in ref. [12] ). The threshold for thepN → J/ψ π quasifree process is at p lab = 4.55 GeV/c, and thus its contribution to the primordial J/ψ production can be neglected. Hence, the inclusive cross section of Λ cD production in antiproton-deuteron collisions can be calculated as
where σp d→J/ψ n is the cross section of J/ψ production calculated withp and J/ψ rescat- Similar arguments can be applied near the ψ ′ threshold, p lab ≃ 6.23 GeV/c. The produced ψ ′ may disappear in inclusive processes ψ ′ n → Λ cD + X and ψ ′ n → NDD + X. The contribution from the nondiagonal transition ψ ′ n → J/ψ n, which has a cross section of ∼ 0.1−0.4 mb [9] , can be neglected. We also neglect the contributions of the processespN → DD (p thr = 6.41 GeV/c) andpN → ψ ′ π (p thr = 6.80 GeV/c). In these approximations, it is possible to extract the open charm production cross section near the ψ ′ threshold as
where the notations correspond to those in Eq.(44). 
DISCUSSION
Charmonium production inpd collisions can be experimentally studied in the PANDA experiment at FAIR. Let us now try to estimate the experimental production rates based on our numerical results for the full PANDA design luminosity L = 2 · 10 32 cm −2 s −1 [43] .
At the quasifree peaks (see Fig. 7 ) thus in total 5200 J/ψ → e + e − events per day and 360
− events per day are expected to be produced. The rate is effectively doubled (holds for all respective rates given below) if also the J/ψ → µ + µ − decay mode is detected.
In the sensitive region for the charmonium-nucleon cross section, i.e. for 0.1 GeV/c < p ψt < 0.2 GeV/c, the cross sections are 366 pb for J/ψ and 58 pb for ψ ′ , as calculated with the default parameters of the elementary amplitudes, including the CT effect. This would give 380 J/ψ → e + e − events per day and 20
Assuming a measuring time of 14 days, 20% total event reconstruction efficiency, and adding both dileptonic J/ψ decay modes, one obtains a statistical accuracy of ∼ 2% for J/ψ and ∼ 9% for ψ ′ . In the case of J/ψ this would allow to test the presence and the strength of CT for incomingp (Fig. 5b) . In the case of ψ ′ , the CT and ψ ′ absorption are expected to be of approximately the same strength (Fig. 6b) which complicates the analysis. However, we think that the fit of the transverse momentum dependence of T (perhaps in a wider p ψ ′ t region) would allow to disentangle the effects of CT and of the ψ ′ n cross section.
In the case of open charm studies it is sufficient to estimate the production rate of c- [30] ) is 32 events per day at the J/ψ threshold for σ = 30 pb (see Fig. 8a ). Assuming that ψ ′ dissociates on neutron into Λ + cD + X would give the Λ + c → pK − π + production rate of 13 events per day at the ψ ′ threshold for σ = 12 pb (see Fig. 8b ). The assumption that ψ ′ dissociates on the neutron into DD + N + X with equal probability of D + and D 0 production would give [30] ) and [30] ) production rates of 9, 15 and 8 events per day, respectively. Although it may be challenging to identify open charm hadrons in the by many orders larger non-charm hadronic background, it is worthwhile to study the detection capability of these channels in detail, due to their strong sensitivity to the charmoniumnucleon cross section.
SUMMARY AND CONCLUSIONS
We have theoretically studied exclusive J/ψ and ψ ′ production in antiproton-deuteron interactions at beam momenta near the respective quasifree thresholds. The model includes the IA amplitude with thepp → charmonium transition only, and the two amplitudes with p and charmonium rescattering on the spectator neutron. The calculations were performed within the generalized eikonal approximation. CT effects on thep and ψ have been taken into account within the quantum diffusion model by using the position dependent rescattering amplitudes. The main purpose of the study was to quantify the impact of the charmonium rescattering on the observables.
The transverse momentum differential cross sections of charmonium production have a characteristic shape with a depletion at transverse momenta p ψt < ∼ 0.2 GeV/c and an enhancement at larger transverse momenta. The depletion has an absorptive nature and is due to the interference of the IA amplitude with the amplitudes withp and ψ rescattering, while the enhancement is due to the squared moduli of the amplitudes with rescattering and their interference. This behavior is not changed qualitatively by the variation of the model parameters, although the detailed shapes of the p ψt -dependence of the transparency ratio T differ. The major source of uncertainty in this analysis is caused by the CT effect for the incoming antiproton which influences its elastic rescattering amplitude on the neutron before charmonium production.
The region of high charmonium transverse momenta (p ψt > ∼ 0.35 GeV/c) is sensitive to several parameters. Apart from the values of the ψ n cross sections, it is also significantly influenced by the uncertainty in the DWF at large momenta, by the CT effect for the incoming antiproton, and by the slope parameter B ψn of the elastic charmonium-neutron amplitude.
In the region of low transverse momenta (p ψt < ∼ 0.2 GeV/c) the uncertainties due to the DWF and B ψn disappear. Still, CT strongly influences the charmonium transparency ratio T in this region of transverse momenta (Fig. 5b) . Thus, due to the presumably small J/ψ n cross section, T at low p ψt could be used for the study of CT effects in thepd → J/ψ n channel. Overall, data on transverse-momentum differential cross sections of the J/ψ and ψ ′ production could be used to perform multi-parameter fits within our model to simultaneously extract the values of thep coherence length, charmonium-nucleon cross section, and the slope parameter B ψn .
In the Glauber model, at p lab in vicinity of the quasifree charmonium production threshold, the difference between the integrated cross sections without and with charmonium rescattering (but always includingp rescattering) can be identified with the open charm meson and baryon production cross section. As this difference is proportional to σ tot ψ n , it can be directly utilized for the extraction of the charmonium-nucleon cross section (Fig. 8) . The difference is pretty stable with respect to the inclusion of the CT effect, and to the variation of the DWF and slope parameter B ψn . Therefore, the data on the cross sections for the channelpd → Λ cD + X at the J/ψ quasifree threshold and on the channelspd → Λ cD + X andpd → DD + X at the ψ ′ quasifree threshold could be used to extract, respectively, the total J/ψ n and ψ ′ n cross sections with an accuracy of at least ∼ 30%.
The present calculations can be extended to heavier targets where the rescattering effects are stronger. The study of charmonium production inpA interactions [12] 
